ABSTRACT During the first few cell division cycles in zebrafish, distinct Ca 2+ transients are localized to the early embryonic cleavage furrows, where they accompany (and are required for) furrow positioning, propagation, deepening and apposition. It has previously been shown that the endoplasmic reticulum (ER) acts as the primary store for generating these Ca 2+ transients via release through inositol 1,4,5-trisphosphate receptors (IP 3 Rs). We hypothesised that maintaining the elevated levels of intracellular Ca 2+ required for deepening and apposition of the cleavage furrows in these large eggs might result in the depletion of the available ER Ca 2+ store, thus the role of store-operated Ca 2+ entry (SOCE) was examined. Newly fertilized, dechorionated embryos were incubated with various SOCE inhibitors, starting just prior to the onset of the first cell division cycle. The effect of these inhibitors on mitosis, furrow positioning, propagation, deepening and apposition, and the generation of the cytokinetic Ca 2+ transients was determined. Treatment with 2-APB or SKF 96365 had no major effect on mitosis, furrow positioning or propagation, but inhibited furrow deepening resulting in regression of the cleavage furrow. Both of these inhibitors also blocked the furrowing Ca 2+ transient, with SKF 96365 having a more profound inhibitory effect than 2-APB. In zebrafish, SOCE does not appear to be required for mitosis or the early stages of cytokinesis during the early embryonic cell division cycles, but it does appear to be essential for maintaining the elevated levels of [Ca 2+ ] i for the extended periods that are required during furrow deepening and daughter cell apposition.
Introduction
It has been reported that during cytokinesis, distinct Ca 2+ transients are localized to the early embryonic cleavage furrows of a variety of Cypriniformes species, including medaka (Oryzias latipes; Fluck et al., 1991; Webb et al., 2011), zebrafish (Danio rerio; Chang and Meng, 1995; Webb et al., 1997; Créton et al., 1998; Chang and Lu., 2000; Webb and Miller, 2007) , rosy barb (Puntius conchonious; Webb and Miller, 2007) , and mummichog (Fundulus heteroclitus; Webb and Miller, 2007) . In these large meroblastically cleaving embryos, cytokinesis is divided into a number of sequential steps; furrow positioning, propagation, deepening and apposition, and each step is accompanied by its own distinctive Ca 2+ transient (Webb et al., 1997; Lee et al., 2003; . In spite of the general consensus that these Ca 2+ transients are required for cytokinesis, the Ca 2+ source responsible for generating the deepening and ap-position transients as well as the precise molecular targets and mechanisms of action of all of the transients remain elusive. In this project, we aimed to address the first of these points. Consideration of the duration and magnitude of each of the cytokinetic Ca 2+ transients was crucial to our investigation of the potential sources of Ca 2+ contributing to this process. We also had to take into account which particular [Ca 2+ ] i regulatory elements might be encountered between the Ca 2+ source and the furrow 290 C. M. Chan et al. cytosol. The furrow positioning Ca 2+ transient is the briefest of the four signals, lasting ~60 s (at 28 o C; Lee et al., 2006) , before it extends and develops into the furrow propagation signal. The latter takes the form of two slow (~0.5 mm/sec) linear Ca 2+ waves that extend from the lateral extremities of the furrow positioning arc out to the edges of the blastoderm (Webb et al., 1997) , and lasts for ~120 s . The furrow deepening Ca 2+ signal, on the other hand, is the longest lasting signal, and once again takes the form of a pair of slow Ca 2+ waves that travel (at ~0.5 mm/sec) from the apex of the blastodisc (i.e., the site of the furrow positioning signal) out towards its edges along the same tracks as the propagation signal, while also ingressing down through the blastoderm (at ~0.1 mm/sec) to meet the rising yolk cell that constitutes the blastoderm floor (Webb et al., 1997; Lee et al., 2003; Webb et al., 2011) . It takes ~500 s from the appearance of the furrow deepening signal that accompanies the initiation of furrow ingression, until the leading edge of the furrow deepening signal reaches the top of the yolk cell (Webb et al., 1997) . This process effectively divides the blastoderm, forming two daughter cells each with its own nucleus. Early embryonic cell division in zebrafish is then followed by a process of cleavage furrow apposition, which keeps the embryo as a compact panel iv) are shown by red arrowheads. Scale bar is 200 mm. entity during early development (Jesuthasan, 1998) . This process has been termed cleavage furrow apposition or zipping (Fluck et al., 1991) , and the Ca 2+ signal that accompanies this process lasts for ~200 s (Webb et al., 1997) . In terms of the magnitude of the intracellular Ca 2+ rise during the cytokinetic transients, an approximate five-fold increase above resting levels (i.e., from ~100 nM to ~500 nM) has been reported (Webb et al., 1997) . Thus, for deepening and apposition to be completed it takes ~700 s, (i.e., ~12 min) of sustained elevated [Ca 2+ ] i in the localized regions of the blastoderm involved in the cytokinetic process. When these timings are added to the ~60-sec and ~120-sec durations of the positioning and propagation signals, respectively, it comes to a total of ~15 min for cytokinesis to be complete (at 28 o C). The goal of this report, therefore, was to investigate which members of the cell's Ca 2+ signaling toolkit (Berridge et al., 2000) might be involved in generating and maintaining a sustained intracellular Ca 2+ signal for a period of ~12 min during furrow deepening and apposition. To date, it has been generally accepted that the endoplasmic reticulum (ER) acts as the primary Ca 2+ store for generating all of the cytoplasmic Ca 2+ transients in zebrafish embryos via release mainly through IP 3 Rs (Créton et al., 1998; Chang and Meng, 1995; Webb et al., 1997; Lee et al., 2003 Lee et al., , 2006 . We hypothesized that such a sustained Ca 2+ release was likely to deplete the ER Ca 2+ store before cytokinesis was completed. Thus, Ca 2+ toolkit elements participating in store-operated calcium entry (SOCE) to refill the ER were obvious additional candidates for investigation. SOCE is a process where a decrease in ER Ca 2+ content (sensed by stromal interaction molecule 1; STIM1) activates Ca 2+ entry into the cytoplasm across the plasma membrane (PM) via Orai1, a protein that functions as a pore-forming subunit of the store-operated channel (SOC), or via TRPC, another Ca 2+ channel in the PM (Parekh and Putney, 2005) . It has been proposed that SOCE shuts down during cell division (Smyth and Putney, 2012) . However, data supporting this suggestion have been mainly derived from small, flat tissue culture cells (Preston et al., 1991; Tani et al., 2007) , where size and geometry, as well as post-cytokinesis cell separation, may not require the same sort of sustained Ca 2+ signaling that large egg cells require during cytokinesis. Here, for the first time, we report that in the large, meroblastically cleaving eggs of zebrafish, SOCE does not appear to be required for mitosis, furrow positioning, or furrow propagation (where Ca 2+ stored in the ER seems to be adequate), but it does appear to be essential for sustaining elevated levels of [Ca 2+ ] i for the extended periods that are required during furrow deepening and daughter cell apposition. (i.e., during deepening) in embryos that were untreated or else treated as described above for panels A-G. The n-numbers are as follows : untreated (n=4) , and treated with DMSO (n=4), ML 218 (n=3), , and SKF 96365 (n=3) . The asterisks indicate data that are significantly different from the untreated controls at p<0.01.
The indentations of the furrow during positioning (A-G, panel i), propagation (A-G, panel ii) and deepening (A-G, panel iii) are shown by black arrowheads, while completely apposed furrows (A-E, panel iv) are shown by blue arrowheads and the regressed furrows following treatment with

Results
Effect of SOCE inhibitors on furrow positioning, propagation and deepening during the first cell division cycle
Embryos were treated with three SOCE inhibitors, BTP-2, 2-APB and SKF 96365, starting at ~15 min post-fertilization (mpf; allowing time to dechorionate the newly fertilized embryos) and throughout the first cell division cycle. Some embryos were simply bathed in Danieau's solution alone (untreated) or were incubated with Danieau's solution containing DMSO, as controls, or with ML 218, a known T-type Ca 2+ channel blocker, or trans-Ned-19, a two-pore channel inhibitor. With the embryos in a facial orientation, a series of bright-field images was then acquired during furrow positioning, propagation, deepening and apposition (Fig. 1) .
In the untreated and 1% DMSO-treated control embryos ( Fig.  1 A,B) , an indentation at the apex of the blastodisc at ~35 mpf indicated the appearance of the cleavage furrow arc (i.e., furrow positioning; see black arrowheads in Fig. 1 Ai,Bi). Within approximately 4-5 min, (i.e., ~39 mpf) the furrow had propagated to the edges of the blastodisc (see black arrowheads in Fig. 1 Aii,Bii). By ~47 mpf, the furrow had deepened to separate the two daughter cells (see black arrowheads in Fig. 1 Aiii,Biii) and by ~54-55 mpf, furrow apposition was complete (see the blue arrowheads indicating the clearly apposed furrow in Fig. 1 Aiv,Biv).
Embryos treated with the T-type Ca 2+ channel blocker, ML 218 at 3 mM (Fig. 1C) or the two-pore channel blocker, trans-Ned-19 at 100 mM (Fig. 1D ), also exhibited a normal cytokinesis of the first cell division cycle such that furrow positioning ( Fig. 1 Ci,Di), propagation ( Fig. 1 Cii,Dii), deepening ( Fig. 1 Ciii,Diii), and apposition ( Fig. 1 Civ,Div) occurred normally and with similar timing, when compared with the untreated and DMSO-treated control embryos.
On the other hand, the SOCE inhibitors BTP-2, 2-APB and SKF 96365 had a variable effect on cytokinesis. For example, embryos treated with 20 mM BTP-2 (Fig. 1E ) exhibited normal furrow positioning (Fig. 1Ei) , propagation (Fig. 1Eii) , deepening ( Fig. 1Eiii) and apposition (Fig. 1Eiv) , with regards to both timing and furrow formation, when compared with the untreated and DMSO-treated control embryos. However, when embryos were treated with 10 mM 2-APB, furrow positioning and propagation occurred (see black arrowheads in Fig. 1Fi, 1Fii ) but the furrow did not deepen normally (see black arrowhead in Fig. 1Fiii ), and thus two daughter cells were not formed. As furrow deepening was abnormal, there was no apposition and indeed the furrow regressed (see red arrowhead in Fig. 1Fiv ). In addition, when embryos were treated with 3 mM SKF 96365, furrow positioning and propagation occurred (see black arrowheads in Fig. 1Gi, 1Gii ) and furrow deepening appeared at least to be initiated (see black arrowhead in Fig. 1Giii ), but the furrow did not deepen all the way to the top of the yolk to separate the two daughter cells and, similar to the 2-APB treated embryos, furrow regression occurred (see red arrowhead in Fig.  1Giv ). Furthermore, there was a distinct delay in the initiation of cytokinesis in embryos treated with SKF 96365 with furrow positioning occurring at ~43 mpf, when compared with a positioning time of ~35 mpf for the controls and various other drug treatments. Once cytokinesis was initiated in the SKF 96365-treated embryos, however, it progressed at approximately the same rate as that in the control embryos such that furrow propagation occurred within ~4 min of positioning and furrow deepening (albeit abnormal) took place within ~8-9 min of propagation (compare the timing of Fig.  1G with that of Fig. 1A-F) .
Effect of SOCE inhibitors on the changes in furrow depth during cytokinesis
Using the bright-field images acquired for the representative untreated embryos and for those treated with the various pharmacological agents (of which just a few are shown in Fig. 1 ), the depth of the furrow was measured throughout the first cell division cycle (Fig. 2) . The data was normalized by dividing the furrow depth by the overall height of the blastodisc (as shown in Fig. 2G*) to allow for differences in the size of the embryos. Untreated control embryos ( Fig. 2A) furrow ratio of ~0.5. Similarly, embryos treated with DMSO ( Fig. 2B ), ML 218 (Fig. 2C) , trans-Ned-19 (Fig. 2D ), BTP-2 (Fig. 2E ) and 2-APB (Fig. 2F ) also initiated cytokinesis between 30-35 mpf and reached maximal furrow deepening between 44-47 mpf. On the other hand, SKF 96365-treated embryos (Fig.  2G ) only initiated cytokinesis at ~43 mpf, i.e., some 8-10 min after the untreated embryos and those treated with other channel inhibitors. Furthermore, embryos treated with DMSO, ML 218, trans-Ned-19 or BTP-2 ( Fig. 2B-2E ) were calculated to have a maximal furrow ratio of between 0.4-0.5, whereas those treated with 2-APB or SKF 96365 (Fig. 2F , 2G) had a maximal furrow ratio value of just 0.2 to 0.25. The effect of these various treatments on the maximal furrow ratio is also shown in the bar chart ( Fig. 2H ) when the data from several experiments are shown. The maximal furrow ratio of embryos treated with 2-APB or SKF 96365 was significantly lower than that of the other treatments at p<0.01.
Effect of SKF 96365 on mitosis during the cell cycle
As SKF 96365 was shown to inhibit cytokinesis, its effect on mitosis was investigated during the first 6 cell division cycles (Fig. 3 ). Embryos were injected with SYTOX Green to label the nuclei and then either left untreated ( Fig. 3 A-D) or incubated with SKF 96365 (Fig. 3 E-H). Bright-field ( Fig. 3 AiHi) and fluorescence ( Fig. 3 Aii-Hii) images were then acquired from the 2-cell to 64-cell stages. In untreated embryos undergoing normal cytokinesis, the daughter cells were separated by clear plasma membranes (see blue arrowheads in Fig. 3 Ai-Di), there was one (or sometimes two) nuclei per cell (depending on the stage of the cell cycle; red arrowheads in Fig. 3 Aii-Dii), and these were thus evenly arranged throughout the blastoderm. In SKF 96365-treated embryos, where cytokinesis was inhibited (as shown by the lack of plasma membranes and thus an absence of distinct cells; Fig. 3 Ei-Hi), mitosis still occurred although the nuclei had no plasma membrane boundaries and so they were arranged in a less regular manner throughout the blastoderm ( Fig. 3 Eii-Hii). Figure 4 shows the sequence of Ca 2+ transients that accompany the first cell division cycle seen from a facial view in representative embryos treated with DMSO ( Fig. 4A ), 10 mM 2-APB (Fig. 4B ) or 3 mM SKF 96365 (Fig. 4C ). The Ca 2+ transients generated in the DMSO-treated embryo appeared to be somewhat similar (with respect to both timing and pattern) to those generated in untreated control embryos (compare Fig. 4A , panels a-n, with Fig. 2A of Webb et al., 1997) . For example, in both cases the Ca 2+ transients of the first cell division cycle lasted for around 12-13 min and they consisted of clearly defined furrow positioning, propagation, deepening and apposition Ca 2+ signals. In the representative DMSO-treated embryo (n=6), the first localized subsurface elevation in intracellular free Ca 2+ (furrow positioning signal) occurred at ~40 mpf (see green arrowhead in Fig. 4Aa ). This then developed into the furrow propagation signal, which lasted between ~41-45 mpf ( Fig. 4Ab-4Af ). As the propagation wave fronts approached the margins of the blastodisc, another distinct Ca 2+ signal, the furrow deepening signal, arose in the central region of the blastodisc and this accompanied the deepening process that resulted in the single large cell being divided into two. The deepening Ca 2+ signal lasted for ~6 min, (i.e., from ~46 mpf to 52 mpf; see black arrowheads in Fig. 4Ag-4Am ). At the end of cytokinesis (i.e., by ~53 mpf; Fig. 4An ), the onset of furrow apposition was accompanied by a reduction in the central region of the deepening Ca 2+ transient. In the representative 2-APB-treated embryo (n=6), a localised subsurface elevation of intracellular Ca 2+ similar to that observed in the DMSO-treated control embryo was generated at ~40 mpf (see green arrowheads in Fig. 4Ba and Fig. 4Aa ). Again, similar to the DMSO control, this positioning Ca 2+ signal then developed into the furrow propagation signal, which lasted between ~41-45 mpf . As the propagation wave fronts approached the margins of the blastodisc, a furrow deepening Ca 2+ signal arose in the central region of the blastodisc and again lasted for ~6 min (i.e., from 46 mpf to 52 mpf; see black arrowheads in Fig. 4B g-m), after which there was a reduction in the Ca 2+ transient in the central region (Fig.  4Bn) . Thus, the 2-APB-treated embryo exhibited a similar pattern of cytokinetic Ca 2+ transients as the DMSO control. However, the volume of the deepening Ca 2+ transient generated in the 2-APB-treated embryos was considerably lower than that of the DMSO-treated controls, both laterally across the width of the blastodisc, and from the apex of the blastodisc toward the yolk.
Effect of 2-APB and SKF 96365 on the cytokinetic Ca 2+ transients
In the representative SKF 96365-treated embryo (Fig. 4C) , a positioning Ca 2+ signal was clearly observed at 52 mpf, i.e., some 12 min after the same signal was generated in the DMSO-control and 2-APB-treated embryos (see green arrowhead in Fig. 4Ca and compare Fig. 4Ca with Fig. 4 Aa, Ba). This Ca 2+ positioning signal developed into a small propagation signal, which lasted between ~53 -57 mpf (Fig. 4C c-f ), after which a very small (both from the volume and [Ca 2+ ] viewpoint) deepening Ca 2+ signal was generated between ~58-64 mpf (see black arrowheads in Fig. 4 C g-m) . This deepening Ca 2+ transient had almost completely disappeared by 65 mpf (Fig. 4Cn) such that there was no distinct Ca 2+ apposition transient. Thus, in the presence of SKF 96365, the initiation of the cytokinetic Ca 2+ signals was delayed, and when signals did occur, they were very small when compared with the DMSO-treated control embryos undergoing normal cytokinesis. However, once the Ca 2+ positioning signal was in place, then the timing of the subsequent propagation, deepening and apposition Ca 2+ signals was very similar to the controls.
Ca
2+ flux measurements
The Ca 2+ fluxes in the medium around dechorionated embryos bathed in so-called 'Ca 2+ -free' Danieau's solution (Webb et al., 1997;  i.e., prepared without Ca(NO 3 ) 2 but with 0.3 mM EGTA) were measured using a scanning ion-selective microelectrode specific for Ca 2+ (see Materials and Methods). Figure 5A shows the fluxes measured around a representative embryo (n = 3) during deepening of the first cell division cycle; in all regions of the blastoderm and yolk a distinct efflux of Ca 2+ was recorded. Data from 3 embryos are presented in Fig. 5B ; they show that when the microelectrode was located >1 mm away from the embryo (i.e. in the 'Reference' position), the [Ca 2+ ] was ~0.03 ± 0.002 nM, whereas when it was positioned just 5 mm away from the embryo (i.e., 'Embryo' on the graph), the mean [Ca 2+ ] was significantly higher, at ~0.56 ± 0.03 nM. The Ca 2+ fluxes around dechorionated embryos bathed in normal (i.e., Ca 2+ -containing) Danieau's solution were also measured in the region of the cleavage furrow as well as on either side of the furrow during deepening of the first cell division cycle. Figure 5C shows a representative embryo (n = 5) where a small efflux of Ca 2+ occurred at the base of the furrow directly above the contractile apparatus. However, a distinct influx of Ca 2+ was measured on either side of the deepening cleavage furrow. This same efflux to influx pattern is also shown when data from 3 embryos are presented as a bar chart (Fig. 5D) .
Localisation of TRPC1 in the sides of the deepening cleavage furrow during cytokinesis
Embryos were fixed during furrow deepening of the first cell division cycle and then immunolabeled with an antibody for TRPC1 and co-stained with fluorescent-phalloidin to label F-actin (Fig. 6 ). TRPC1 is a component of SOCE and it is reported to be inhibited by both 2-APB and SKF 96365 (Bomben and Sontheimer, 2008) but not by L-type voltage-gated Ca 2+ channel blockers such as nifedipine (Ng et al., 2012) . Confocal images were then acquired with embryos in a side (facial) view (Fig. 6A-C) and animal pole view (Fig. 6D-F) . Both of these views show that TRPC1 was localised to the sides of the deepening cleavage furrow (see white arrowheads in Fig. 6A , C, D, F) in the same general location as the peri-cleavage F-actin enrichments (see blue arrowhead in Fig. 6E ). TRPC1 was not, however, co-localised with the plasma membrane directly adjacent to the contractile band at the base of the cleavage furrow (see yellow arrowheads in Fig. 6B, C, E, F) . et al., 2006) . Indeed, the cognate v-and t-SNARES, VAMP-2 and SNAP-25, respectively, have been shown to play an essential role in the latter of these two events. Furthermore, transport of VAMP-2 vesicles to the furrow along the furrow microtubule (MT) array is mediated by a kinesin-like protein, Kif23, and vesicle transport and subsequent fusion are both Ca 2+ -dependent processes . During furrow apposition, Kif23, VAMP-2 and SNAP-25 continue to play an essential role in promoting daughter cell-to-cell adhesion, with a possible change in the VAMP-2 vesicle cargo from the new membrane components transported during deepening, to those required for cell adhesion (Li et al., 2006 . It has been reported that there is a dynamic rearrangement of the ER into linear tracks within the cortex along the line of each cleavage plane prior to the positioning of the cleavage furrow at the surface . Furthermore, when the leading edge of the furrow ingresses during the deepening phase, the rearranged cortical ER accompanies it, and continues to act as a highly localized intracellular Ca 2+ store (Webb and Miller, 2007; Li et al., 2008) . It has long been reported that MTs and the ER are highly interdependent structures (Terasaki et al., 1986; Waterman-Storer and Salmon, 1998; Grigoriev et al., 2008) . Indeed, during the early embryonic cleavages of zebrafish development, the rearrangement of the cortical ER is thought to be brought about via the action of MTs in the form of a pre-furrowing mid-spindle MT array (pf-MTA; Lee et al., 2004) . As the furrow ingresses, the pf-MTA develops into a furrow ingression MTA (i.e., fi-MTA), which in turn develops into a furrow apposition MTA (or fa-MTA). Such structures have been described previously in both zebrafish (Jethusasan, 1998; and Xenopus (Danilchik et al., 1998; Takayama et al., 2002) . Furthermore, MTs have also been directly implicated in the 
Discussion
Furrow deepening and membrane remodelling are two of the key events during division of the large cells that constitute early zebrafish embryos. In their absence, daughter cells do not separate correctly, and even when mitosis occurs normally, a non-viable multinucleate single cell blastoderm forms. Several functions have been attributed to the Ca 2+ signal that accompanies furrow deepening. The first is that it acts to stimulate contraction of the actomyosin band (assembled during the previous positioning and propagation stages), resulting in furrow ingression and the separation of daughter cells. The calcium/calmodulin-dependent enzyme, myosin light chain kinase (MLCK) has been proposed as a possible Ca 2+ -sensitive molecular target for the deepening transient, where Ca 2+ -activated MLCK phosphorylates the Ser-19 site of MLC and thus triggers contraction of the actomyosin band (Chang and Meng, 1995) . In support of this proposition, GFP-tagged calmodulin has been reported to be reorganized into the presumptive cleavage furrows of both HeLa cells (Li et al., 1999) and zebrafish embryos prior to the appearance of the furrow at the cell surface. The membrane remodelling that occurs during furrow deepening consists of two sequential events: vesicle recruitment to the deepening furrow followed by vesicle fusion with the ingressing furrow membrane (Li release of Ca 2+ from the ER (Tasaka et al., 1991). Thus, a second possible task of the fi-MTA (along with providing tracks for vesicle transport) might be to help position the ER close to the ingressing furrow membrane, and in this way perhaps support SOCE during the furrow deepening and apposition processes. It has been reported that within the ER membrane, STIM1 -the ER Ca 2+ sensor, and thus a protein that is essential for SOCE -does not distribute randomly, but appears to align partially with the MTs (Smyth et al., 2007; Fig. 7 ). It has been proposed that the MT-plus-end-tracking protein EB1 binds directly with STIM1 and forms EB1-dependent "comet-like" accumulations at the sites where polymerizing MT ends come in contact with the ER network (Grigoriev et al., 2008) .
It has also been proposed that the ER alone is the primary Ca 2+ store for generating at least the first two of the cytoplasmic Ca 2+ transients in zebrafish embryos via release mainly through IP 3 Rs (Créton et al., 1998; Chang and Meng, 1995; Webb et al., 1997; Lee et al., 2003 Lee et al., , 2006 to generate these signals without the need to stimulate SOCE ( Fig. 1Gi and 1Gii ; Fig  furrow. However, by directly challenging the deepening furrow via the injection of heparin, which is a competitive antagonist of IP 3 R, but does not directly affect SOCE (Parekh and Putney, 2005), Lee et al., (2003) were able to block the deepening Ca 2+ transient and thus inhibit furrow ingression. This suggests that the Ca 2+ entering the cell via SOCE is not directly utilized to generate the deepening transient, but that it is first loaded into the ER (through SERCA activity; Guerrero-Hernández et al., 2014) for subsequent release via IP 3 R. This might explain the ability of injected heparin to block the deepening Ca 2+ transients and thus inhibit the completion of cytokinesis even if SOCE is active. This also suggests a mechanism of rapidly refilling the ER from the restricted sub-plasmalemmal 
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Ca -stimulated contraction (via calmodulin/MLCK) of the contractile band drives ingression of the cleavage furrow (Chang and Meng, 1995) .
Vesicles responsible for membrane remodeling travel along microtubules (MT; Jesuthasan, 1998). MT may also move the ER toward the PM (Waterman-Storer and Salmon, 1998). 2G; Figure 4C ). However, sustaining longer-duration Ca 2+ signals, such as those generated during the deepening and apposition stages of cytokinesis in these large embryonic cells appears to require the entry of extracellular Ca 2+ , which is triggered following depletion of the ER Ca 2+ stores. It has been suggested that SOCE is dependent on the ER Ca 2+ sensor, STIM1, which moves within the ER membrane to become distributed into puncta in close apposition to the PM (Smyth et al., 2007) . In a manner not yet fully understood, STIM1 then activates either an Orai or a TRPC channel in the PM, thus allowing extracellular Ca 2+ to enter the cell across the PM (Liou et al., 2005; Hawavitharana et al., 2007; DeHaven et al., 2008) , which in our case is that of the ingressing
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space between the PM and the ER (Chan et al., 2003) .
Although a number of inhibitors are reported to block SOCE, none of them are completely specific and so it requires a degree of caution when interpreting data derived from their use (Derler et al., 2013;  Table 1 ). In these experiments, we tested the effect of three reported SOCE inhibitors, BTP-2, 2-APB and SKF 96365, on the first cell division cycle in zebrafish with the idea that their effects might provide information about the possible role of SOCE. Of the three inhibitors used, BTP-2 had no inhibitory effect on any of the stages of cytokinesis even when used at 20 mM, which is 4-fold and 20-fold higher than the concentrations reported to inhibit Orai1 in myotubes (Li et al., 2010) and in HEK293 cells and the DT40 chicken B-cell line (He et al., 2005) , respectively. On the other hand, both 2-APB and SKF 96365 blocked furrow deepening such that the final stages of cytokinesis were incomplete and the furrows regressed (Fig. 1F, 1G) . Of all the SOCE inhibitors used, 2-APB is known to be the least selective, being reported to inhibit a wide range of different channels and pumps (Maruyama et al., 1997; Missiaen et al., 2001; Bilmen et al., 2002; Hu et al., 2004; Bai et al., 2006; DeHaven et al., 2008; Togashi et al., 2008; Bomben and Sontheimer, 2008; Yang et al., 2011; Kovacs et al., 2012) . Furthermore, its specific action on SOCE has been reported to be concentration dependent such that at low concentrations (i.e., 3-10 mM), 2-APB activated STIM1 and Orai1 in HEK 293 cells, whereas at higher concentrations (i.e., 30-50 mM) they were inhibited (DeHaven et al., 2008) . We have previously shown in zebrafish, that when used at 25 mM, 2-APB blocked furrow deepening but did not affect furrow positioning . Here, when used at 10 mM, 2-APB had a similar effect on cytokinesis such that furrow positioning and propagation appeared to occur normally but the furrow did not deepen all the way to the top of the yolk and it subsequently regressed. Furthermore, the Ca 2+ signals generated were smaller in size and exhibited a lower luminescence intensity (Fig. 4B ) than did those generated by the DMSO-treated control embryos (Fig. 4A ) or untreated embryos (Webb et al., 1997) . A similar effect was observed with the morespecific SOCE inhibitor, SKF 96365, which was shown to have a profound effect on furrow deepening as well as on the cytokinetic Ca 2+ signals even when used at 3 mM (i.e., some 7-fold lower than that previously reported to inhibit STIM1; Liou et al., 2005) .
On the other hand, SKF 96365 had no effect on mitosis (Fig. 3) , and had only a delaying effect (by ~10 min; Figs. 1G, 2G, 4C) on furrow positioning and early propagation, which suggests that its effect is mainly on the furrow deepening process of cytokinesis rather than on cell division as a whole. It did, however, reduce the intensity of the positioning and propagating Ca 2+ signals (Fig. 4C  a-e) , which also might be linked to an inhibition of SOCE. As SKF 96365 is also reported to block T-type Ca 2+ channels (Bomben and Sontheimer, 2008), we also tested the effect of a specific T-type Ca 2+ channel inhibitor, ML 218 (Xiang et al., 2011) , and showed that cytokinesis progressed normally. The possible role of the two pore channel (TPC) in regulating cytokinesis via Ca 2+ release from lysosomes was also tested via the introduction of the specific TPC inhibitor, trans- Ned-19 (Naylor et al., 2009) , and again we showed that cytokinesis was normal (Fig. 1D) .
These new data, which suggest that extracellular Ca 2+ entering cells via SOCE does play a role in the final (i.e., deepening and apposition) stages of cytokinesis, contradict a previous report from our group, which suggested that the localized Ca 2+ transients associated with furrow positioning, propagation and deepening do not require the presence of extracellular Ca 2+ (Webb et al., 1997) . In this early report, we tried to ensure that all possible traces of Ca 2+ in the medium were chelated with EGTA, and we dechorionated the embryos to ensure that there was no Ca 2+ immediately outside the plasma membrane. Furthermore, we subsequently reported that cytokinesis was not adversely affected by the presence of the voltage-gated Ca 2+ channel antagonists, nifedipine and verapamil, in the bathing medium (Lee et al., 2003) . At the time, this was interpreted as supporting the proposition that extracellular Ca 2+ was not essential for generating any of the cytokinetic Ca 2+ transients (Lee et al., 2003) . In this new report, however, we addressed these conflicting results by reproducing (as far as possible) the so-called Ca 2+ -free conditions that were reported previously (Webb et al., 1997) . Using a scanning ion-sensitive microelectrode system (Kühtreiber and Jaffe, 1990), we measured the extracellular [Ca 2+ ] in the immediate vicinity around embryos (i.e., within ~5 mm of the embryo surface around both the yolk cell and dividing blastodisc), as well as at a position >1 mm away from the embryo (Fig. 5A, B Inhibits CRAC channels at 100 nM.
4
Stimulates the TRPM4 channel at low nM concentrations. Activates TRPV1, V2 & V3 at ~0.01 -5 mM.
13
Blocks some gap junction channel subtypes at ~1-100 µM. ; Fig. 5 C,D) . While a small efflux of Ca 2+ occurred at the localised base of the cleavage furrow (position 0 in Fig. 5 C,D) , a distinct influx of Ca 2+ was observed in the sides of the deepening furrow (positions 1 and 2 in Fig. 5 C,D) . These results indicate that SOCE may indeed occur during cleavage furrow deepening during the early division cycles in embryos developing in Ca 2+ -containing medium. Furthermore, our immunolabeling data (Fig. 6) showed that one component of SOCE, TRPC1 (Ambudkar et al., 2007) , was also localised at the sides of the deepening cleavage furrow (i.e., in the same location where the distinct Ca 2+ influx was recorded) but not at the base of the furrow (i.e., where the small Ca 2+ efflux was recorded). Thus, the data obtained from our Ca 2+ flux and TRPC1 immunolabeling experiments substantiate those from our inhibitor experiments, which suggest that SOCE does play a role in the furrow deepening and apposition stages of cytokinesis during the early cell division cycles of zebrafish embryos when the cell size is comparatively large, when compared with small somatic cells.
In summary, we report that in the large, meroblastically cleaving eggs of zebrafish, SOCE does not appear to be required for mitosis, furrow positioning, or furrow propagation (where Ca 2+ stored in the ER seems to be adequate for generating the required intracellular signals), but it does appear to be essential for sustaining elevated levels of [Ca 2+ ] i for the extended time periods that are required during furrow deepening and subsequent daughter cell apposition of large embryonic cells. Details of our new findings are summarized schematically in Figure 7 .
Materials and Methods
Embryo collection
Wild-type (AB strain) zebrafish (Danio rerio) were maintained on a 14-hour light/10-hour dark cycle to stimulate spawning (Westerfield, 1994) . Fertilized eggs were collected within ~5 min of spawning, as described previously (Webb et al., 1997) . To enhance the optical clarity during imaging, embryos were dechorionated by treatment with protease (Sigma-Aldrich, St. Louis, MO, USA) at 1 mg/ml in Danieau's solution (17.4 mM NaCl, 0.21 mM KCl, 0.18 mM Ca(NO 3 ) 2 , 0.12 mM MgSO 4 ·7H 2 O, 1.5 mM HEPES, pH 7.2), as described previously . Embryos were also maintained in Danieau's solution at ~28.5ºC during the course of all experiments.
Drug treatment
A stock solution of 100 mM SKF 96365 hydrochloride (Calbiochem, Billerica, MA, USA) was prepared in Milli-Q water, whereas stock solutions of 30 mM 2-aminoethoxydiphenyl borate (2-APB; Sigma-Aldrich), 100 mM BTP-2 (also called YM58483; Tocris Bioscience, Bristol, UK), 10 mM ML 218 hydrochloride (Tocris Bioscience) and 40 mM trans-Ned-19 (Enzo Life Sciences, Inc., Farmingdale, NY, USA) were prepared in DMSO. Zebrafish embryos were first dechorionated using protease. They were then transferred to an imaging chamber and incubated in Danieau's solution containing 3 mM ML 218 hydrochloride, 20 mM BTP-2, 100 mM trans-Ned-19, 10 mM 2-APB or 3 mM SKF 96365 hydrochloride starting from the 1-cell stage. Embryos were incubated in the drugs throughout the duration of experiments. As controls, embryos were either incubated in Danieau's solution alone or were treated with Danieau's solution containing 1% DMSO starting at the 1-cell stage.
SYTOX green labelling and image acquisition
Newly fertilized embryos were immobilised in small grooves made in 1% agarose in the microwells of P35G-1.5-14-C glass-bottom culture dishes (MatTek, Ashland, MA, USA). These chambers were used for both microinjection and imaging as embryos could be oriented with a pair of watchmaker's forceps and held in the desired position. SYTOX Green (Molecular Probes, Life Technologies, Carlsbad, CA, USA) was provided as a stock solution of 5 mM in DMSO and diluted to 10 mM (also with DMSO) just prior to use. Embryos were injected with ~2.28 nl SYTOX Green at the 1-cell stage. Details regarding the microinjection methods used are described in detail by . Embryos were then manually dechorionated using watchmaker's forceps and transferred back to the microinjection/imaging chamber for subsequent image acquisition. Embryos were untreated or were treated with 3 mM SKF 96365 hydrochloride up to the time that the untreated controls reached the 64-cell stage (i.e., ~2 hpf) for this experiment.
Bright-field and fluorescence image acquisition
Bright-field and fluorescence images were acquired using a Nikon Ds-5Mc CCD camera mounted on a Nikon AZ100 microscope using an AZ Plan Apo 4X lens. SYTOX Green fluorescence images were acquired using 460 -500 nm excitation and 510 -560 nm emission.
Aequorin-based microinjection and Ca
2+ imaging Embryos at the 1-cell stage were injected with approximately 2 nl of f-aequorin (supplied by Dr Osamu Shimomura, the Photoprotein Laboratory, Falmouth, MA, USA; at ~0.5-1% in 100 mM KCl, 5 mM MOPS, 50 mM EDTA) into the top of the yolk. In this way, f-aequorin was carried into the forming blastodisc by ooplasmic streaming (Leung et al., 1998) . Aequoringenerated luminescence images and bright-field images were collected with our electron multiplying charge coupled device (EMCCD; Andor, Belfast, Northern Ireland, UK) based photon imaging microscope (PIM) system (custom-made by Science Wares, Falmouth, MA, USA; Miller et al., 1994; Webb et al., 2010) , using a Zeiss FLUAR 20x/0.75 N.A. objective lens. Ca 2+ signalling information and bright-field images were acquired from embryos incubated in DMSO (control), 10 mM 2-APB or 3 mM SKF 96365 during the first cell division cycle. The imaging data were subsequently analysed with the Photon Viewer 2 review software (Science Wares).
Scanning Ca
2+ ion-selective electrode measurements The scanning ion-selective electrode technique (SIET; Kühtreiber and Jaffe, 1990; Marenzana et al., 2005) was used to measure the Ca 2+ flux and the local [Ca 2+ ] around embryos. Glass micropipettes were pulled from TW150-4 glass capillaries with an outer diameter of 1.5 mm (World Precision Instruments, Sarasota, FL, USA) using a P-97 Flaming/Brown pipette puller (Sutter instruments, San Rafael, CA, USA). Typical ion-selective microelectrodes (ISM) with a tip diameter of 2-3 mm were silanized first by heating to 100°C overnight on a Teflon holder (Science Wares, East Falmouth, MA, USA) and then by coating the inner surface with N,Ndimethyltrimethylsilylamine (Sigma Aldrich, St Louis, MO, USA) at 200°C for at least 45 min. When making Ca 2+ flux measurements, an ISM was back-filled with 100 mM CaCl 2 solution (as the electrolyte) to a column length of ~1 cm and then front-filled with Ca 2+ ionophore 1 cocktail A (Fluka Analytical, Sigma Aldrich, St Louis, MO, USA) to a column length of ~25 mm, after which it was connected to an IPA-2 ion polarographic amplifier (Applicable Electronics LLC, New Haven, CT, USA) with a piece of Ag/ AgCl wire. A reference electrode (MI-402; Microelectrodes, Inc. Bedford, NH, USA) was used to connect the bath medium with the IPA-2 amplifier to complete the circuit. The SIET system was assembled on an Axiovert 100 inverted microscope (Carl Zeiss AG, Oberkochen, Germany) on a vibration isolation table (Technical Manufacturing Corporation, Peabody, MA, USA). The system was shielded from electromagnetic interference with a stainless steel Faraday Cage (Applicable Electronics LLC), in which the internal temperature was maintained with a temperature controller connected to a fan heater made in the HKUST mechanical workshop. The position and speed of oscillation of the ISM were controlled with 3D stepper motors mounted on the microscope stage, which were operated remotely using the custom-designed Automated Scanning Electrode Technique (ASET) software (Science Wares Inc., East Falmouth, MA, USA). This software was also used for data acquisition and image capture. Before each experiment, a freshly prepared ISM was calibrated against three concentrations of Ca 2+ (i.e., 0.1 mM, 1 mM, and 10 mM) to calculate the Nernstian slope of the ISM via the ASET software. For a divalent cation such as Ca 2+ , an ISM was considered to be acceptable for use if it yielded a voltage change of ~29 ± 3 mV per 10-fold change of [Ca 2+ ].
Measuring Ca 2+ fluxes around embryos bathed in 'Ca 2+ -free' Danieau's solution
In some experiments, Ca 2+ fluxes were measured around embryos bathed in so-called 'Ca 2+ -free' Danieau's solution (Webb et al., 1997) . Thus, when preparing the Danieau's solution, Ca(NO 3 ) 2 was omitted and 0.3 mM EGTA (Sigma Aldrich, St Louis, MO, USA) was added, as described by Webb et al., (1997) . Newly fertilized embryos were dechorionated and immobilized in shallow wells made in 1% agarose in normal (i.e., containing Ca 2+ ) Danieau's solution in a 35-mm tissue culture plate (Becton Dickinson Labware, Franklin Lakes, NJ, USA). In these experiments, a single dechorionated embryo was put in a separate Ca 2+ -free imaging chamber, as described previously (Webb et al., 1997) . Once the SIET system was calibrated, four points were scanned around the yolk and four points were scanned at various positions across the dividing blastodisc, with each scan lasting for ~2 min. Sampling involved a move-wait-measure procedure where the ISM was oscillated over a period of ~5.52 s between the origin (i.e., at a distance of ~2-5 mm from the sample) and a position some 10 to 20 mm away from the sample. The ISM was vibrated orthogonally to the surface of the embryo and the microvolt difference between the paired points of vibration extremities was used to calculate the flux rate (in pmol cm -2 s -1 ).
Measuring Ca 2+ fluxes along the cleavage furrow in normally developing embryos
In another series of experiments, Ca 2+ fluxes were measured at various points across the cleavage furrow of embryos bathed in normal Danieau's solution during cytokinesis of the first few cell division cycles. Thus, following calibration of the SIET system, five points were scanned along the cleavage furrow during deepening, and again each scan lasted for ~2 min.
Immunocytochemistry
Dechorionated embryos were fixed at ~47 mpf (i.e., during furrow deepening of the first cell division cycle) with 4% paraformaldehyde and 4% sucrose in PBS (pH 7.3; Westerfield, 1994) overnight at 4 o C, after which they were washed thoroughly with PBS. They were washed for 1 h with PBS containing 0.1% tween-20 (PBST) and then incubated with PBST containing 1% DMSO (PBSTD) for one hour in the dark at room temperature, after which they were incubated with blocking buffer (PBSTD containing 10% goat serum and 1% BSA) at room temperature for 2 hrs.
Embryos were then incubated with the anti-TRPC1 antibody (Thermo Fisher Scientific Inc., Rockford, IL, USA; at a dilution of 1:200 in blocking buffer) overnight at 4 o C. They were then washed extensively with PBSTD containing 1% goat serum (PBSTD-serum), and incubated with an Alexa Fluor 488-conjugated goat anti-rabbit IgG (Life Technologies, Thermo Fisher Scientific Inc.) diluted 1:200 in blocking buffer for 3 hrs at room temperature, after which they were washed extensively again with PBSTD-serum in the dark. The embryos were then labelled with Alexa Fluor 568-tagged phalloidin (Life Technologies, Thermo Fisher Scientific Inc.) at 1:50 in blocking buffer and incubated overnight at 4°C in the dark, after which they were washed with PBSTD, then PBST and finally PBS prior to visualization via confocal microscopy. Confocal images were acquired using a Nikon C1 laser scanning confocal system mounted on an Eclipse 90i microscope using a Nikon Fluor 20x/0.5 NA water immersion lens. Green fluorescence was captured using a 488 nm excitation wavelength and a 515/530 nm emission filter, while red fluorescence was captured using 543 nm excitation and a 570 nm long-pass emission filter.
Data analysis and figure preparation
Numerical data were exported to Microsoft Office Excel 2010 (Microsoft, Redmond, WA, USA) for statistical analyses and graph plotting. Images were analysed and distances measured using ImageJ (National Institutes of Health, Bethesda, MD, USA), and figures were prepared using Corel Graphics X5 (Corel, Ottawa, ON, Canada).
